This study demonstrates the applications of two physical-based early warning methods for rainfall-induced shallow landslide and compare their relative performance. One method is rainfall threshold-based method and the other method is by real-time simulation. The former establishes landslide threshold in advance using 50 historical rainfall events, in conjunction with physical-based rainfall-triggered shallow landslide model, to evaluate the stability of a concerned slope. Quantitative precipitation estimation (QPE) for nowcast is used in the rainfall threshold-based method for landslide predictions. The latter method also applies rainfall-triggered landslide model in real-time simulation by feeding QPE and quantitative precipitation forecast (QPF) of specified lead-time. Both methods are integrated into an early warning system (e.g. Delft-FEWS) for real-time nowcast and/or forecast purposes. The two shallow landslide early warning methods are applied to a slope in the vicinity of a highway section in Taiwan. Comparisons between the two methods are made to evaluate their performance using rainfall data from three past typhoon events. Despite of some discrepancies found in the results, both methods can predict landslide quite consistently. Without sufficient number of actual landslide records for model validation, the true accuracy of both landslide early warning methods cannot be assessed. However, the consistency of predicted landslide occurrence times during three historical typhoon events in the case study indicated that they could be viable for providing good supportive information for decision-making in landslide hazard mitigation.
during the wet season (April-September). A single typhoon event can sometimes bring intense rainfall over 1000 mm in mountainous regions. Intense rainfall often triggers disastrous landslides that cause damage to infrastructures, mudflows, and human casualties. Moreover, Taiwan geologically lies on a complex tectonic boundary between Eurasian and Oceanic Plates. Major seismic faults in Taiwan generate earthquakes, which loosen up soil mass making a slope even more susceptible to slide under rainfall.
To effectively mitigate landslide hazards, real-time simulation and forecast of rainfall-triggered landslide potential during a storm event are both urgent and necessary. Piciullo et al. (2018) categorize landslide early warning systems, according to the scale of analysis, into local and territorial systems. The former addresses landslide failure at a slope scale whereas the latter covers over a wide area at regional scale. In terms of methods for landslide early warning, van Westen et al. (2006) categorized the methods into three types including heuristic, statistical and deterministic methods. Heuristic methods are based on landslide records in a region by directly correlating pertinent landslide instigating factors with the landslide potential through some empirical relationships. Thus, the landslide instigating factors used can be different from region to region and from one expert to another. Heuristic methods, in general, are relatively simple to use, but involve significant subjectivity in judgement. Hence, landslide prediction for a slope by a heuristic method can vary by different experts.
Statistical methods, such as threshold-based methods using rainfall intensity-duration, are developed mostly from multivariate statistical analyses of available record on failed slopes to investigate the combined effect of triggering factors that caused landslides. Statistical methods (Carrara 1988; Carrara et al. 1992 ; Lee and Choi 2004; Ermini et al. 2005; Wang et al. 2009; Segoni et al. 2014; Iadanza et al. 2016; Piciullo et al. 2018 ) are often applied to a region of similar terrain conditions once the relationships between triggering factors and landslide are established. Nonetheless, once the triggering forces or geologic conditions change, such as land use or climate, the established relations may fail to provide valid prediction. Moreover, the major deficiency of statistical methods is that they often do not take into account the time occurrence of landslide. Hence, statistical methods can only be used to predict whether a slope would or would not fail instead of predicting when the slope would fail. Estimating slope failure time is a key element dictating the accuracy of issuing an early warning.
To circumvent the above-mentioned shortcoming of statistical methods for not being able to predict the time of slope failure, rainfall-triggered landslide warning threshold relation can be established through the application of deterministic physical-based landslide simulation models (Salciarini and Tamagnini 2015; Schilirò et al. 2015) . Using a physical-based landslide simulation model, one can use factor of safety (FS) to indicate the state of a slope. When a slope is stable, FS value is greater than unity. On the other hand, a slope is unstable when FS value is lower than unity. During a rainstorm event the value of FS of the slope would be decreasing with time as more rainwater infiltrates into the soil medium. The time when FS value reaches the critical value of unity, the slope could be on the verge of failure. Thus, deterministic methods by applying physical-based slope stability simulation models can provide quantitative assessment about the state of slopes under the influential factors considered at the time of simulation. In this study, an unsteady rainfall infiltration model based on the Richards equation for saturated and unsaturated soil media is applied for slope stability analysis.
Taking the advantages of both statistical methods for its easy implementation and physical-based shallow landslide simulation models for estimating slope failure time, the rainfall thresholds for landslide occurrence can be established for a concerned slope from historical/synthesized rainfall events. Unlike rainfall threshold-based methods that uses the historical/synthesized rainfall events, the real-time simulation method can be an alternative by directly incorporating nowcast and forecast rainfall data in a slope stability analysis model to simulate time varying stability state of a concerned slope.
The objective of this study is to present an investigation of two local landslide early warning methods (i.e., rainfall threshold-based method and real-time simulation method) utilizing physical-based slope stability analysis model. To compare the landslide forecast capability of the two methods for early warning purpose, this study applies both methods to predict the landslide occurrence time of a chosen slope site in Taiwan during three typhoon rainfall events.
Study site
The study site is located on Taiwan Highway No. 18 (T-18 Highway) in Alishan Mountain resort area ( Fig. 1) in Southern Taiwan. The slopes along T-18 Highway mostly are steeper than 30%. The concerned slope in the study site can be divided into upper and lower slopes according to their distinct geometric features. Based on the site investigation done by the Traffic and Transportation Bureau of Taiwan, the upper and lower parts of the concerned slope are colluvium soil composed of stones of irregular sizes, sand and clay. Borehole data show that the colluvium soil medium of the slopes has a thickness ranging 1.5-4.5 m with an averaged value of 2.5 m. The groundwater table can rise to about 1 m under the slope surface in the rainy season. The soil parameters in the study area are listed in Table 1 . Figure 2 shows the annual rainfall during 1980-2012 in the region ranging from 1900 to 5500 mm/yr. with an average of 3250 mm/yr. The rainfall concentrates in Fig. 1 Location of the concerned slopes May-September because of monsoons and typhoons (Fig. 3) and this is the time period when most rainfall-induced landslides occur.
Physical-based rainfall-triggered landslide models
To simulate the rainfall-triggered shallow landslide, rainfall infiltration process must be considered in the slope stability analysis model. Several studies have developed physical-based numerical models based on the Richards equation to describe rainfall seepage into the slopes (Cai and Ugai 2004; Gabet and Dunne 2003; Tsai 2008; Tsai and Wang 2011) . Many of these models are further coupled with the extended Mohr-Coulomb failure criterion (Fredlund et al. 1978) to investigate shallow landslide of unsaturated soil (e.g., Tarantino et al. 2000; Collins and Znidarcic 2004; Tsai et al. 2008) . Sometimes, models for nearly saturated soil were used for rain-triggered shallow landslides assessment (Iverson 2000; Crosta and Frattini 2003; Keim and Skaugset 2003; Frattini et al. 2004; Lan et al. 2005; D'Odorico et al. 2005; Tsai and Yang 2006) . The software model, TRIGRS (Transient Rainfall Infiltration and Grid-based Regional Slope-Stability Analysis), integrates Iverson's model for nearly saturated soil medium with geographic information system (Baum et al. 2002) . (2000) might inaccurately produce pore water pressure distribution under the ponding condition and made the modification accordingly. The modified Iverson model was applied to investigate the influences of rainfall patterns on shallow landslides in saturated soils (Tsai 2008 ) and unsaturated soils (Tsai and Wang 2011) . In this study, unsaturated soil seepage model of Tsai and Wang (2011) is used to calculate time variation of pore water pressure distribution in the soil medium in a slope subject to potential failure in a rainstorm event.
Landslide infiltration model
The landslide infiltration model on slope is described by the Richards equation for unsaturated soil medium:
where ψ = groundwater pressure head (m); θ = volumetric water content; α = slope angle (°); and t = time (sec); K L , K z = hydraulic conductivity in lateral and slope-normal directions (m/s), respectively. For shallow slope and vertical rainfall infiltration, Eq. (1) can be simplified to:
in which C(ψ) = dθ/dψ, the change in volumetric water content per unit change in groundwater pressure head (m −1 ). Tsai and Wang (2011) develop a numerical model for solving transient pore water pressure distribution inside a shallow slope due to rainfall infiltration with the specified initial and boundary conditions. 
Slope stability model
Pore water pressure and soil moisture content distribution inside a slope can be used to calculate the FS of the slope by the infinite slope stability analysis ):
in which ϕ ′ = effective friction angle (°); c ′ = effective cohesion (N/m 2 ); γ w = unit weight of water (N/m 3 ); χ = effective stress parameter; θ r and θ s are the saturated and residual volumetric water contents, respectively; γ = depth-averaged unit weight of soil (N/m 3 ), which can be expressed as:
where G s = specific gravity of soil solid. Landslides can happen in both saturated and unsaturated conditions. In Eq. (3), when the groundwater pressure head is negative (i.e., the soil is unsaturated), Ψ c is equal to Ψ which can be obtained from Eq. (2), whereas Ψ p is zero. On the contrary, Ψ p is identical to Ψ, and Ψ c is zero while the groundwater pressure head is positive (i.e., the soil is saturated). By using the calibrated rainfall-triggered landslide model of Tsai and Wang (2011) for the study site, Fig. 4 shows the landslide potential maps, in terms of FS, for the slopes in the vicinity of the road section at T-18 Highway under design rainfall amounts of 200-mm and 600-mm.
Landslide forecasting methods

Physical-based rainfall threshold-based method
The physical-based rainfall threshold-based method takes the advantages of both statistical-based threshold and physical-based deterministic methods. The method involves following steps (see Fig. 5 ):
Step-(1): Select sufficient number of historical rainstorm events having high potential to cause slope failure in the study area; Step-(2): Based on the statistical features of soil parameters in the study area, generate sufficient number of representative soil parameters for the concerned slopes. Based on a few soil samples available around the concerned slope site, soil parameters were found weakly correlated. Hence, they are treated as independent variables in the process of generating soil parameters. In case that soil parameters are significantly correlated, proper multivariate procedure is required to generate representative soil parameters;
Step-(3): Randomly match a rainstorm event with a synthesized soil parameter set. Use them in the chosen deterministic landslide model to identify slope failure time, t f , at which FS = 1.0.
Step-(4): Extract average rainfall intensity from the beginning of storm to time t f -t l (see Fig. 6 ) with t l being the concerned lead-time.
Step-(5): Repeat Step (3)- (Carrara et al. 1992 ) for all synthesized rainstorm events to establish database for average rainfall intensity and t f -t l for different lead-time t l based on which empirical landslide threshold curves are established by regression analysis. Figure 7a is the zero lead-time (t l = 0) warning curve for landslide occurrence of the concerned slope. This implies that, when the average rainfall intensity for a storm event touch the curve in Fig. 7a , it is anticipated that slope failure would occur because there is no early warning. The failure threshold curve is established by regression analysis based on the average intensity-duration points (in Fig. 6 ) with FS(t f ) = 1 produced by the slope stability analysis model from 50 historical rainfall events of which not all the rainfall events could cause slope failure. The threshold curve with 3-h lead-time (t l = 3) indicates that a 3-h warning can be made before landslide occurrence (see Fig. 7b ) Figure 8 shows the rainfall threshold curves of 0-and 3-h lead-time for landslide occurrence for the upper and lower slopes at road section 39 K + 450 on T-18 Highway (i.e., red circle in Fig. 4b ). The rainfall threshold curves of different lead times can be derived by the procedure described above based on 50 historical significant rainfall events in the study site.
As illustrated on the left half of Fig. 9 , landslide occurrence at the study slopes with 3-h lead-time can be easily distinguished by evaluating the average rainfall intensity and duration from the real-time rainfall record or quantitative precipitation estimation (QPE). If an evaluated average rainfall intensity value approaches or passes the threshold curve, landslide of the concerned slope is likely to occur within 3 h.
Real-time simulation method
By real-time simulation method, the slope stability analysis model is incorporated into Delft-FEWS (Delft -Flood Early Warning System), hereafter referred to as FEWS-landslide. As illustrated on the right-half of Fig. 9 , FEWS-landslide requires nowcast or forecast rainfall data (i.e., QPE or QPF) as the input information. Then, FEWS can activate the Model Server to provide direct landslide nowcast and forecast values of FS of a slope with 0-3 h of lead-time (i.e., FS(t), t, t + 1, t + 2, t + 3) to the decision makers for proper action.
Unlike the rainfall threshold-based method that uses the historical/synthesized rainfall observations, FEWS-landslide uses real-time rainfall nowcast and forecast for simulation. Thus, the accuracy of the landslide forecast by the latter method would mostly rely on the accuracy of rainfall forecast and slope stability analysis model used to calculate slope FS with respect to time.
Case study
For illustration and comparison of the two landslide early warning methods, three typhoon rainfall events were used for estimating safety state of the concerned slopes. The three events considered are: Nanmadol (Aug 29-31, 2010), Saola (June 9-12, 2012), and Soulik (July 12-14, 2013) . Rainfall data used in early warning include QPEs and QPFs with a 3-h lead-time for establishing rainfall threshold curves from the physical-based slope stability model and real-time simulation methods. The concerned slopes in the case study include both upper and lower slopes at road section 39 K + 450 on T-18 Highway.
In each rainfall event, FEWS-landslide uses both QPE and QPF for landslide nowcast and forecast with lead-time of 0-and 3-h, respectively. When QPF yields a FS < 1 at time t f and so does the QPE at time t f + 3, this indicates that landslide forecast for this storm event is "correct". As for the rainfall threshold-based method, when the rainfall intensity-duration trace of the QPE reaches above the 3-h lead-time threshold curve and 0-h threshold curve exactly after 3 h, it also indicates a "correct" forecast for landslide. Otherwise, the forecast is regarded incorrect. It should be noted that, without actual records of landslides and failure times at the study slopes for verification, the phrase "correct forecast" used here means more closely to "consistent forecast" by the two early waning methods.
Figures 10, 11 and 12 illustrates landslide forecasts for the upper and lower slopes at road section 39 K + 450 on T-18 Highway by both early warning methods for the three typhoon events. The upper and lower parts of the two figures illustrate, respectively, the results given by FEWS-landslide and rainfall threshold-based methods.
Typhoon Nanmadol
For the upper slope at the selected road section, Remark-(a) in Fig. 10a demonstrates that FEWS-landslide method with a t l =3-h forecast QPF input yields FS < 1 at t = 26 h, suggesting landslide occurrence at t = 29 h. Also, FEWS-landslide method with a t l =0-h nowcast QPE input indicates landslide occurrence at t = 29 h. Thus, FEWS-landslide method produce a consistent landslide forecast.
By the rainfall threshold-based method, Remark-(b) in Fig. 10a suggests that landslide would occur 3 h after t = 30 h in the upper slope. However, the rainfall intensity remains at a position lower than the t l =0-h threshold curve as the rain continued. This means that, if warning is issued at t = 30 h, the rainfall threshold-based method might be in error.
For the lower slope at road section 39 K + 450, Fig. 10b shows that both rainfall threshold-based and FEWS-landslide methods indicate no landslide occurrence under both QPE and QPF rainfalls.
Typhoon Saola
For the upper slope at 39 K + 450 of T-18 Highway, Fig. 11a shows that FEWS-landslide method with the t l =3-h QPF input gives FS < 1 at t = 14 h, suggesting that landslide would occur at t = 17 h. FEWS-landslide method with the t l =0-h nowcast QPE input also indicates that landslide occurs at t = 17 h. Thus, FEWS-landslide method can make accurate landslide forecast.
As for the rainfall threshold-based method, Fig. 11a suggests that landslide would occur 3 h after t = 14 h. However, the rainfall intensity-duration trace curve meets the t l =0-h threshold curve at t = 16 h, rather than at t = 17 h, indicating that landslide occurs 1-h sooner than the expected. Nonetheless, the forecast accuracy in this case is still acceptable. However, this result raises an interesting issue about the reliability of landslide warning. Coincidentally, both methods in this case produce identical time instant to issue a 3-h lead-time landslide warning for the upper slope.
As for the lower slope, Fig. 11b indicates that FEWS-landslide method with QPF input gives FS < 1 at t = 25 h, suggesting that landslide is expected to occur at t = 28 h. The real-time simulation model with nowcast QPE input also indicates that the slope might fail at t = 28 h. Thus, FEWS-landslide method produces a correct landslide forecast.
On the other hand, Fig. 11b shows that the rainfall threshold-based method suggests that the slope failure might occur 3 h after t = 24 h. Coincidentally, the trace curve of rainfall intensity intersects 0-h threshold curve at t = 27 h. This indicates that the rainfall threshold-based method also produced a correct landslide forecast for the lower slope during Typhoon Saola.
Although FEWS-landslide method issues a warning at t = 25 h for the lower slope, which is one hour later than the rainfall threshold-based method, however, considering the value of FS at t = 24 h is very close to unity, a warning could probably be issued at t = 24 h in practice. Typhoon Soulik Figure 12a shows the time variation of FS in the upper slope by FEWS-landslide method with QPF input during Typhoon Soulik. It shows that the FS value drops below 1.0 at t = 23 h, suggesting that landslide would occur in the upper slope at t = 26 h. The real-time simulation model with the QPE input shows that the landslide occurs at t = 25 h indicating that the use of QPF might issue a late warning by one hour. Figure 12a also shows that the rainfall threshold-based method suggests that landslide would occur in the upper slope 3-h after t = 19 h at which rainfall intensity-duration trace curve intersects with the t l =3-h lead-time threshold curve. However, the rainfall intensity trace curve meets the t l =0-h threshold curve 2 h later at t = 21 h. In this case, the rainfall threshold-based method provides warning 1-h later than the anticipated failure time for the upper slope. For the lower slope, Fig. 12b reveals that FEWS-landslide method with forecast QPF input yields FS > 1 throughout the rainfall event, suggesting the landslide would not occur. The real-time simulation model with nowcast QPE input also reveals the same indication about landslide forecast during Soulik event for the lower slope.
Interestingly, Fig. 12b shows that the rainfall threshold-based method suggests that lower slope would fail 3 h after t = 33 h. However, continuation of rainfall intensity curve would not intersect the t l =0-h lead-time threshold curve at t = 36 h, indicating that failure in the lower slope did not occur as anticipated.
Summary and conclusions
With the aid of a physical-based rainfall-triggered landslide model, this study compared the landslide forecast capability of two methods, namely, rainfall threshold-based method and real-time simulation method. Heavy rainfall during three typhoon events were used to examine landslide early warning performance by the two methods for two slopes at the road section 39 K + 450 on Highway T-18 in southern Taiwan. Results of numerical study from the three typhoon events showed that both landslide forecast methods perform satisfactorily with respect to the predicted slope failure times, despite some minor discrepancies. This is expected as any model or method used is subject to a certain level of simplification of reality. Moreover, rainfall nowcast and forecast errors can further contribute to uncertainty in predicting landslide occurrences and slope failure time.
The information provided by the rainfall threshold-based method may be sufficient to facilitate some decision-making with regard to landslide hazard mitigation. Landslide forecast using rainfall threshold curves has the advantage of being simple to implement with real-time rainfall monitoring during a storm event. However, the method possesses some intrisic limitations including: (Baum et al. 2002) site-specific threshold curves have to be derived in advance for each concerned slope individually and the establishment of such curves could be a time-consuming task for large number of slopes; (Cai and Ugai 2004) threshold curves may have to be revised if physical features of the slope change; (Carrara 1988) threshold curves derived from regression analysis using multiple rainfall events are subjected to uncertainty because it is not made for a specific rainfall event; and (Carrara et al. 1992 ) thresholds provide qualitative information with regard to whether a slope will fail or not, but cannot offer quantitative information with regard to the level of slope safety.
FEWS-landslide method, on the other hand, can offer time-variant forecast of factor of safety of a single or multiple slopes under consideration that can be visualized on screen for assisting decision making. It also possesses some shortcomings including: (Baum et al. 2002 ) the accuracy of the method in calculating FS is largely affected by the accuracy of model parameters and rainfall inputs from forecasts; and (Cai and Ugai 2004) on-site real-time monitoring facilities are essential for satisfactory forecast of FS which could be too financially expensive for widespread deployment.
Numerical applications of the two landslide forecast methods utilizing physical-based rain-triggered shallow landslide model, along with nowcast and forecast rainfalls during three typhoon rainstorm events, show relative satisfactory and consistent results in predicting slope failure time. From the viewpoint of early warning of landslide, the two methods have comparable performance. To choose between the two, one might wish to consider the limitations of the two methods outlined above. Without record on landslide occurrence time for verification, the true accuracy of the two methods at the study site cannot be assessed. However, they can still be regarded as viable tools to facilitate landslide early warning and hazard mitigation provided that the physical-based landslide model is properly calibrated and validated for the concerned sites.
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